The ligamental apparatus of Thracia comprises external and internal resilient components, as well as a calcified ossicle termed the lithodesma. All these elements have hitherto been considered portions of a single unit and their allometry and functional morphology interpreted as such. However, analyses of the fine structure of the hinge of a growth series of Thracia phaseolina using conventional light, confocal and scanning electron microscopy revealed that, instead, external and internal components comprise distinct, independent layers of fibrous ligament, each formed at different ontogenetic stages. The internal ligament, with a lithodesma along its mid-sagittal sector, comprises the sole early juvenile ligament of the species and its main function is to force the shell valves open, not align them as had been previously suggested. The external ( parivincular) ligament only appears at a shell length of c. 2.5 mm, but grows faster than the internal ligament to become the main component of the hinge of adults. Two-and three-parameter power functions (simple and full allometric equations) were fitted to measurements of the different ligament parts, and the performance and appropriateness of these models in describing the allometry of each of the studied traits are evaluated. Use of the full allometric model is recommended whenever the body size (or other standard) at which a trait of interest arises lies within or close to the limits of the sampled range.
INTRODUCTION
The ligament of bivalve molluscs and its support structures are organs of great morphological plasticity and, consequently, useful for taxonomic and phylogenetic studies of the class (e.g. Yonge, 1978; Waller, 1990; Hautmann, 2004) . Among the diverse array of ligament systems and sub-systems displayed by extant bivalves (Trueman, 1969) , those comprising repeated fibrous and lamellar layers (e.g. duplivincular and multivincular types) are perhaps the most remarkable. Malchus (2004) related the capacity to produce repetitive systems to an ontogenetic discontinuity between the first-formed and subsequent layers of fibrous ligament. This discontinuity has been considered an evolutionary novelty (apomorphy) of pteriomorphians (arcoids, oysters, mussels and scallops), putatively absent in heterodonts and other bivalve groups (Waller, 1990 (Waller, , 1998 Malchus, 2004 , but see Malchus, 2005) .
Modern accounts of representatives of the heterodont genus Thracia (Anomalodesmata: Thraciidae) describe the ligament as comprising external and internal portions (Fig. 1) , accompanied by an anteriorly placed calcified ossicle, the lithodesma (e.g. Allen, 1961; Coan, 1990; Sartori & Domaneschi, 2005) . However, the origin and relationships between these portions of the ligament remain unclear, at least in part due to a lack of detailed observations of the early phases of ligament ontogeny. This paper describes the structure of the ligament of Thracia phaseolina (Lamarck, 1818) and shows that an internal fibrous layer containing the lithodesma is the sole early juvenile ligament of the species, being independent from and discontinuous with the external ligament. Additionally, allometric analyses of the internal and external components are used to compare different mathematical models, exploring their assumptions and utility.
DEFINITIONS
We follow the terminology of Trueman (1969) , revised by Waller (1990) , Carter (1990) and Malchus (2004) regarding ligament morphology, layers, systems and support structures.
The terms lamellar and fibrous refer to ligamental layers differing in composition and physical properties. Lamellar ligament is characteristically dark brown, uncalcified and resistant to both tensional and compressional stresses. Fibrous ligament is lighter in colour, often iridescent, filled with fine aragonitic fibres and resistant only to compressional stress. Morphologically simple ligaments have a central fibrous layer between anterior and posterior lamellar layers. Repetitive ligaments display additional, repeated layers. Following Malchus (2004) , successive ligamental layers are designated by a letter corresponding to their kind (F for fibrous and L for lamellar) and a number according to their putative ontogenetic order of appearance (1,2, . . . ,n). Thus, F1 represents the first formed fibrous layer, F2 the second and so on.
Parivincular describes a dorsal, arch-shaped ligament, which is positioned posterior to the umbones and supported by a well-defined ridge (nymph) in each valve.
The lithodesma is a solid structure formed by calcification of the medial portion of a ligament layer (Yonge, 1976) . The same layer also comprises two lateral strips of unmodified ligament that attach to the shell valves.
Rocha, personal communication). Seven catches of a Van Veen grab (0.056 m 2 each) in fine sand substrata at c. 6 m depth yielded 86 intact specimens ranging from 1.34 to 12.7 mm in shell length. Two additional specimens (8.14 and 22.2 mm in shell length) were collected on 28 September 2007 from Mill Bay, Kingsbridge Estuary, Devonshire, UK (National Grid Reference SX 742 382; 50813 0 30 00 N 4845 0 55 00 W). They were obtained by shovelling and sieving (through a 1-mm mesh) in sand with patches of eel seagrass Zostera sp., at extreme low water of a 0.33-m spring tide. Specimens from both locations were preserved in 80-100% ethanol.
Measurements and allometric analysis
Lengths of the shell (sl) and fibrous layer of the parivincular ligament ( pl), as well as the length (il) and width (iw) of the internal ligament were measured to the nearest 0.02 mm using a stereo-microscope equipped with an ocular micrometer (see Fig. 1 ). Specimens whose shell length exceeded the field of view of the microscope (.10 mm) had this dimension measured to the nearest 0.1 mm using vernier callipers.
The umbonal region of the valves of T. phaseolina is translucent when submerged in liquid, allowing the outline of the internal ligament to be clearly seen through the fine shell. Hence, all measurements were taken in external view from intact specimens, with the valves articulated and closed. Although refraction at the convex surface of the umbones must have slightly deviated measurements of the internal ligament from true dimensions, the error thus introduced is approximately the same for all specimens and deemed negligible for the purposes of our analysis.
Dimensions of the internal and external (parivincular) portions of the ligamental apparatus relative to body size were studied by nonlinear regression of the measured variables il, iw and pl on shell length (sl), using Marquardt -Levenberg least-squares algorithm implemented by SigmaPlot 10. Two-(y ¼ bx a ) and three-parameter (y ¼ bx a þ c) power functions were fitted to the data and their performance assessed by comparing values of adjusted R 2 and Predicted Residual Error Sum of Squares (PRESS), techniques that penalize models containing extra explanatory terms. The investigated models can be reduced to the simpler forms of a linear regression or a two-parameter power function if the values of a and c are equivalent to 1 and 0, respectively. These hypotheses were tested by two-tailed t-tests for each ligament component and rejected whenever the P-value obtained was .0.05.
Scatter plots of the observed values of the ratios il/sl, iw/sl and pl/sl vs sl are also presented, but regression analyses were not performed for these relationships due to the well-known statistical shortcomings of having the same variable represented in both axes of a plot (Prothero, 1986; Berges, 1997) . Instead, curves displayed in these plots were drawn by algebraic transformation of the lines of best fit derived from regression of the untransformed variables (il, iw and pl) on total shell length (sl), yielding the equations y/x ¼ bx a21 and y/x ¼ bx a21 þ cx 21 for the two-and three-parameter power functions, respectively.
Functional analysis
To determine whether the internal ligament and associated lithodesma contribute to shell abduction, three specimens showing no traces of a parivincular ligament (shell lengths of 1.51, 1.96 and 2.15 mm) were dissected under a stereomicroscope while completely immersed in 80% ethanol. Tiny insect pins (minutens; 0.1 mm in diameter) were inserted through the commissural line and used to detach all musculature (adductor, pedal, pallial and siphonal) from one of the valves. The capacity to gape of each individual was then qualitatively evaluated by closing their valves with forceps and subsequently releasing the pressure. Following this first experiment, specimens had their lithodesma and most of the internal ligament removed and their capacity to gape was re-evaluated.
Confocal microscopy
Sections through the hinge of air-dried specimens were cut using an annular saw operating at 3400 rpm. Sections were oriented parallel to and just off the mid-sagittal plane, keeping intact the area of maximum proximity between internal and parivincular ligaments.
Decalcified samples were prepared by immersing whole specimens in 0.25% acetic acid until the valves were completely decalcified (typically 2-4 h), excising the hinge area with dissecting scissors, dehydrating in an ethanol series, washing in xylene and mounting onto cavity microscope slides with a permanent mounting medium.
Both kinds of samples were examined using a Leica TCS NT SP1 confocal microscope. This microscope has a spectral photometer head which allows the fluorescence detection windows to be set to any desired wavelength and bandwidth, including direct collection of a reflected laser signal. To determine the optimum fluorescence detector settings a lambda (wavelength) scan was performed at two different laser settings across a range of detector positions. The data from these tests were used to produce graphs of maximum fluorescence emission from regions of interest in the sample at one focal plane. Using the RSP500 filter and 30 lambda steps from 515 to 710 nm with a window width of 10 nm, 488 nm lambda data were collected. With these settings a maximum emission peak at 540 nm was obtained. Using the 488/568 double dichroic mirror and 25 lambda steps from 586 to 710 nm with a window width of 10 nm, 568 nm lambda data were collected. These settings showed a maximum emission peak at 646 nm. This latter setting was determined to give a better signal-to-noise ratio in the sample and excited fluorescence from the same part of the sample.
Samples were examined using either a 40Â 1.0 n.a. oil-immersion objective or a 63Â 1.4 n.a. oil-immersion objective. The blocks were temporarily mounted onto glass slides using 'BluTak'. Care was taken to ensure the upper surface was horizontal. Immersion oil was used to temporarily fix a standard-thickness coverslip in place and the samples were examined under immersion oil using the same objective lenses as for the slides.
Scanning electron microscopy
All specimens selected for scanning electron microscopy (SEM) were ultrasonically cleaned for 20 s, air-dried for 48 h and gold-coated prior to examination in a JEOL 820 SEM. These included isolated valves and lithodesmas, some of which had been treated in dilute commercial bleach for 1-2 h to remove organic matter, as well as radial sections through the internal ligament. The latter were obtained by cutting samples embedded in epoxy resin, polishing the cut surfaces using a series of carborundum powders and diamond pastes, and etching for 10 s in 0.5% hydrochloric acid.
RESULTS

Internal ligament
The ligamental apparatus of early juveniles comprises a single, internal layer of fibrous ligament, positioned immediately under the umbones, and a continuous periostracal sheet that connects the dorsal margins of the left and right valves ( Fig. 2A, G) . The latter extends approximately from the anterior to the posterior adductor muscles.
The internal, fibrous ligament originates just below the posterior portion of the prodissoconch hinge line and grows chiefly in a ventral direction. It is connected to each valve by a triangular attachment area (resilifer) which is practically flush with the overall internal surface of the valves (Fig. 3C ). As the umbones are splayed apart by accretion at the valve margins (see Stasek, 1963) , the internal ligament assumes the shape of an arch bridging distant resilifers. Its mid-sagittal sector is extensively calcified, forming a robust lithodesma in between resilient strips of unmodified fibrous fabric (Fig. 3A) . The microstructure of the lithodesma is characterized by tiny, elongated crystals, arranged predominantly with their long axes normal to the growth surface. This alignment is particularly clear along and in the immediate vicinity of growth bands ( Fig. 3B ).
All three small specimens (shell length ,2.5 mm), which had their musculature experimentally detached from the valves, were able to gape while their internal ligament was intact. Subsequent removal of this structure resulted in loss of the capacity to gape, although the valves remained joined by the continuous periostracal sheet along the dorsal margin. These results demonstrate the role of the internal ligament in shell abduction. Most of the opening thrust is presumably generated by the elastic strips of unmodified fibrous fabric that flank the lithodesma. Contributions from the shell walls and lithodesma to the opening thrust must be minimal because these are rigid, inflexible structures.
Calcification of the mid-sector of the internal ligament probably reconciles its unusual, arched profile with the fact that fibrous fabric fails under tensional stress. In most bivalves with an internal ligament (e.g. Mya, Mactra), the organ sits on projecting supporting structures that not only limit the width of the ligament to a relatively small fraction of its cross-sectional area, but also align its compressional axis along a straight line. When the shell closes, the risk of a ligament of this kind bending and hence having part of its structure subjected to tension is negligible. On the other hand, an internal ligament that is attached directly to the surface of the valves will assume an exceedingly wide and curved profile as the animal grows, with a considerable and increasing risk of bending upon shell closure. In Thracia, deposition of a solid ossicle in the middle of the ligament solves this problem by dividing the fibrous fabric into two narrow bands with parallel faces, each of which comparable to the straight internal ligament of other bivalves.
Parivincular ligament
A parivincular ligament and associated nymphs begin to form at a shell length of c. 2.5 mm. At this stage, the fibrous layer of the parivincular ligament appears at a submarginal position, just posterior to the umbones. It arises very near to the posterior end of the internal ligament, being visible under reflected light as a bright dot in specimens analysed in external, dorsal view (Fig. 2B ). In internal view, the lithodesma conceals the origination point of the parivincular ligament, making it difficult to determine in whole specimens whether the fibrous layers of the two ligaments are linked together ( Fig. 2G-L) . Sectioned shells and decalcified specimens examined by confocal microscopy clearly show that internal and parivincular ligaments bear independent and discontinuous fibrous layers, separated by a gap of 15.0 mm + 5.4 SD (n ¼ 5) ( Fig. 4 ; see video in Supplementary material). This narrow gap is filled by a tongue of secreting mantle epithelium.
The fibrous layer of the parivincular ligament is separated from the overlying periostracal sheet by a thin, dark brown layer of lamellar ligament, which extends just beyond the anterior and posterior borders of the fibrous layer (Figs 2J, 4A). The posterior end of the lamellar layer is the most conspicuous and occupies a shallow depression of the hinge plate. As the nymph grows over the ventral border of this depression, the lamellar layer becomes restricted to a narrow groove in between the nymph and dorsal border of each valve (Fig. 3D ).
Both layers of the parivincular ligament expand in a predominantly posterior direction. Although the dorsal placement of the lamellar relative to the fibrous layer of the parivincular ligament indicates that the former is secreted first by the mantle isthmus, it was not possible to determine at what shell length the lamellar layer first appears. This is because the lamellar layer is very fine at its origination point near the umbones and displays similar physical properties to those of the overlying periostracum.
Allometry
Measurements taken from each specimen are presented in Supplementary material, Table 2. Figure 5 illustrates the relationships between total shell length and dimensions of the ligamental apparatus, expressed both as absolute measurements and as proportions of total shell length. The threeparameter power function (solid line, Fig. 5 ) performed better than the two-parameter one (dashed line) in describing changes in width of the internal ligament (iw) and length of the parivincular ligament (pl) as Thracia phaseolina grows. However, it did not significantly improve the fit obtained by the simpler model for length of the internal ligament (il). This is reflected not only by the results of the t-tests, which indicate that the hypothesis of a zero intercept for the curve fitted to il cannot be rejected at a 0.05 significance level, but also by adjusted R 2 and PRESS values (Table 1) .
Throughout the range of body sizes represented in the sample, the internal ligament displays negative allometry, becoming relatively smaller with increasing shell length (Fig. 5A, C) . Although the three-parameter function predicted an initial increase in the iw/sl ratio due to the negative y intercept of the curve of best fit of iw on sl, this is not apparent in the observed values of the corresponding ratio (Fig. 5C ).
Overall morphology of the internal ligament and contained lithodesma gradually shift to a laterally elongated shape in larger specimens (Fig. 6) , a tendency reflected by the steeper slope of the iw against sl curves relative to il against sl (Fig. 5A ). This modification in shape is probably a consequence of spatial conflict with the developing nymphs of the parivincular ligament, which contact the posterior border of the lithodesma and, consequently, limits growth of the internal ligament in a posterior direction (Fig. 2J, K, L) .
The parivincular ligament grows in length at a faster rate than the valves (Fig. 5B, D) . This results in a steep increase of the pl/sl ratio in between c. 2.5 and 7.5 mm in shell length. The pl/sl ratio of 8% attained by the end of this interval is subsequently maintained throughout the observed range of sizes (Fig. 5D ).
DISCUSSION
Previous models of ligament structure in Thracia
Several morphological descriptions of the hinge of Thracia are available and it has been long established that the ligament of adult specimens may comprise both external and internal parts (e.g. Forbes & Hanley, 1853; Reeve, 1859) . However, with observations of larval and early juvenile stages lacking, few authors have attempted to explain the origin and relationships between these parts.
Allen (1961) studied the shell and hinge of British species of Thracia (including T. phaseolina) and was probably the first author to clearly express his views on the identity of each portion of the ligamental apparatus. According to his scheme, the ligament comprises a single fibrous layer in between two lamellar layers, and the lithodesma is a component of the anterior lamellar layer (Allen, 1961 : fig. 2 ).
In a comprehensive study of ligament structure in anomalodesmatans, Yonge & Morton (1980) analysed T. phaseolina and concluded that the lithodesma is formed by calcification of the anterior end of the fibrous layer, not of the lamellar layer as had been proposed by Allen (1961) . Yonge & Morton (1980: fig. 15 ) depicted the ligament of the species as comprising one fibrous and one lamellar layer only (inner and outer layers in the terminology then in use).
The lithodesma of T. phaseolina is indeed part of a fibrous layer, but this layer is not joined with the fibrous portion of the parivincular ligament, as envisaged by Yonge & Morton (1980) . Instead, the complex morphology of the ligament of Thracia is better regarded as a result of discontinuous development of fibrous ligament, as explained below.
Discontinuous ligament ontogeny
In the early ontogeny of all bivalve molluscs, the first fibrous ligament to form (F1) is invariably internal (Bernard, 1895) and may occupy the anterior, central or posterior portion of the hinge (Waller, 1990: 57; Malchus, 2004: text- fig.  3 ). In lucinids, venerids and several other taxa, the adult ligament appears to be simply a continuation of F1, which commonly migrates to an external position during ontogeny (Le Pennec, 1973; LaBarbera, 1974; Lutz et al., 1982; Goodsell et al., 1992) .
Alternatively, an independent, separate layer of fibrous ligament (F2) may emerge during early postlarval morphogenesis. In these cases, F1 is either abandoned and absorbed by the animal, or both fibrous layers remain active throughout life. This type of development, characterized by discontinuous ontogeny of fibrous ligament, is typical of pteriomorphians (Waller, 1998; Malchus, 2004) but may also take place in several palaeoheterodont (Le Pennec & Ju¨ngbluth, 1983) and heterodont taxa (Trueman, 1966; Malchus, 2005) .
Development of the ligament of T. phaseolina conforms to the latter, discontinuous model, evidenced by the emergence of the fibrous layer of the parivincular ligament as an independent subunit, separated some 15 mm from the internal ligament, and the distinct rates and directions of growth exhibited by the two ligaments. We interpret the position of the origination point of the internal ligament, in the posterior half of the prodissoconch hinge line, as circumstantial evidence that this fibrous layer represents F1, pending knowledge of larval and early postlarval stages. The fibrous layer of the parivincular ligament would then correspond to F2. Although we did not have suitable material to determine the shell length at which the internal ligament becomes visible, if it forms in preparation for or just after metamorphosis as is general in bivalves (Waller, 1990) , then the length of the larval shell will provide a close approximation. Ockelmann (1965: fig. 3-1 ) illustrated a larval shell of T. phaseolina measuring c. 235 mm in length, and one of us determined an average length of 214 mm + 11 SD from SEM images of four individuals (A.F. Sartori, unpublished) . Discovery of discontinuous ligament ontogeny in Thracia has implications for our understanding of ligament structure and evolution in the Anomalodesmata as a whole. All Palaeozoic representatives of the group possessed external, parivincular ligaments (Morris, Dickins & Astafieva-Urbaitis, 1991) , but from the Mesozoic onwards some lineages evolved internal ligaments (Runnegar, 1974) . This observation has been traditionally explained assuming that in all anomalodesmatans the adult ligament is a continuation of F1. Hence, the transition from an external, parivincular ligament to an internal one could only be interpreted as a shift in the adult position of F1 (Runnegar, 1974; Yonge & Morton, 1980) . However, if discontinuous ontogeny of fibrous ligament characterizes the common ancestor of taxa with internal ligaments, the possibility arises that the diverse array of ligament grades displayed by post-Palaeozoic anomalodesmatans is instead a consequence of heterochronic changes affecting expression of F2 in some lineages. This possibility is under investigation by one of us (A.F. Sartori, in preparation).
Functional morphology of F1 and associated lithodesma
Even though the occurrence and taxonomic value of the lithodesma in representatives of Thracia have been debated since the early 19th century (e.g. Scacchi, 1836; Deshayes, 1846; Dall, 1903; Allen, 1961; Coan, 1990) , little attention has been paid to its function, apart from a brief discussion by Yonge & Morton (1980) . Yonge (1976 Yonge ( , 1978 investigated the functional morphology of the ligamental apparatus of lyonsiids and concluded that the lithodesma prevents a ventrally displaced, widened ligament from bending ventrally when the adductors contract. Yonge & Morton (1980) extended this hypothesis to all but three anomalodesmatan families (Thraciidae, Periplomatidae and Laternulidae) in which conditions were deemed 'totally different', because the 'ligament is not ventrally displaced' and the lithodesma 'solely concerned with alignment of the valves' (Yonge & Morton, 1980: 264) .
However, Yonge & Morton's (1980) interpretation of the ligament of Thracia seems to be exclusively based on examination of large specimens, in which F1 and its lithodesma are either very small when compared to the rest of the ligamental apparatus or completely absent (Coan, 1990; Sartori & Domaneschi, 2005) . We showed herein that in specimens of T. phaseolina smaller than c. 2.5 mm, F1 alone is responsible for forcing the valves to gape upon relaxation of the adductor muscles. Calcification of its mid-sector into a solid lithodesma ensures an appropriate width to cross-sectional area ratio of its resilient left and right portions, minimizing the risk of bending and being ruptured by tensional stress. Hence, the structure and mode of operation of F1 and its lithodesma is identical to that of lyonsiids and other anomalodesmatans, but in T. phaseolina responsibility for opening the shell is gradually transferred to F2 by the differential growth of these ligamental components. Observations of less complete growth series of periplomatids and laternulids seem to indicate the same phenomena operating in these families (A.F. Sartori, in preparation).
Allometry
The two-parameter power function y ¼ bx a , proposed by Huxley (1932) as the 'equation of simple allometry', has been by far the most widely used mathematical model in allometric studies. However, a critical assumption of this equation is that the relationship between the studied variables passes through the origin (Albrecht, Gelvin & Hartman, 1993; Packard & Boardman, 2008) , a condition that is only strictly satisfied when the traits being compared begin their ontogenetic trajectories simultaneously (Huxley, 1932) . In the common case where y represents a dimension of an organ of interest and x is a measure of total body size, the assumption of a zero intercept will be very rarely met because organs differentiate at distinct body sizes in the ontogeny of virtually all organisms (Thompson, 1942) . This was recognized by Huxley (1932: 241) , who proposed a distinct mathematical model to account for differences in the time of onset of growth of trait y and standard x, and recommended it 'should be taken as the theoretical basis for analysis'. The formula consisted of the simple allometric equation modified by addition of an intercept, yielding the three-parameter power function y ¼ bx a þ c, later termed the full allometric model by Albrecht & Gelvin (1987) and Albrecht et al. (1993) .
In practice, a nonzero intercept (parameter c) will usually be negligible because allometric relationships are generally determined for a range of body sizes that is far removed from the first stages of ontogeny, when the differentiation of most organs takes place (Huxley, 1932) . Nevertheless, whenever the body size (or other standard) at which the organ of interest arises is included in the studied range or is relatively near to the limits of this range, the simple allometric equation will render an inappropriate description of the data. This was clearly shown by an interesting discussion on horn evolution in brontotheriids (Mammalia) by Bales (1996) . After fitting a three-parameter power function to a bivariate plot of horn length vs skull length in adults of Eocene and Oligocene species, Bales (1996) showed how standard allometric analysis using the two-parameter power function in a logarithmic morphospace had led previous investigators to conclusions that were not supported by the original data.
Despite the apparent advantages of the three-parameter power function in this and similar cases, its application has been uncommon and controversial. Klingenberg (1998) criticized its use mainly because a nonzero intercept may lead to unrealistic predictions of the dimensions of trait y, a point also made by Nevill, Bate & Holder (2005) . Klingenberg (1998: 106) specifically referred to Bales' study (1996) and remarked that the latter author 'considers it unrealistic that the line of simple allometry must always pass through the origin (for untransformed data), but seems to have no such objections against the negative y intercept of this [sic] fitted line that implies negative horn lengths in brontotheres!'. We agree that in the treatment of numerous variables the assumption of a zero intercept may be fully justified. However, in the specific case of morphological traits of late ontogenetic appearance, a negative y intercept need not be interpreted as the size of the trait at zero body size, a biological impossibility. Instead, it corresponds to a positive x intercept (x 0 ), which provides an estimate of the size attained by the body (or other standard) before the onset of growth of the structure of interest. The estimate is calculated by substituting the variable y for zero in the full allometric model and then solving for x, which gives x 0 ¼ (2c/b) 1/a . For the parivincular ligament of T. phaseolina, the value of shell length thus arrived at is 2.61 mm and the negative values of ligament length obtained by extrapolation of the curve of best fit to smaller shell lengths are just an indication that the ligament has not yet differentiated at those body sizes. Similarly, the curve of best-fit obtained by Bales (1996: 488) crossed the x-axis at c. 400 mm, a value that was taken as an estimate of 'the skull size reached by brontothere skulls before horn evolution began'.
Finally, while the mathematical meaning of the exponents of the two-and three-parameter power functions is the same, i.e. when different from 1 they both indicate that the relationship between the variables departs from linearity (Albrecht et al., 1993) , their biological interpretation differs (Albrecht & Gelvin, 1987) . The slope m of a curve describing the relationship between log-transformed dimensions of a trait y and a standard x is equivalent to the ratio of the relative growth rates of these variables and indicates whether and in which direction the proportion between the two (the y/x ratio) is being altered (Huxley, 1932; Smith, 1984; Schmidt-Nielsen, 1984) . Whenever m ¼ 1, the relative size of the traits under consideration remains constant (isometry). When m , 1 trait y becomes relatively smaller (negative allometry) and when m . 1 it becomes relatively larger ( positive allometry) as x increases. The two-parameter power function (y ¼ bx a ) is represented by a straight line when log-transformed (ln y ¼ ln b þ a ln x), meaning that its slope is constant and equivalent to the exponent (m ¼ a). Log-transformation of the three-parameter power function (y ¼ bx a þ c), however, yields a curvilinear relationship (Fig. 7A) given by the equation ln y ¼ ln (bx a þ c), which may be rewritten as a function of ln x: ln y ¼ lnðb e a ln x þ cÞ ð 1Þ
The shifting slope of the curve is then calculated by differentiating equation (1) with respect to ln x, which results in the expression:
Equation (2) shows that: (1) m is equivalent to the exponent a if, and only if, the intercept c is zero, which simplifies full into simple allometric model;
(2) in every other case, m approaches the value of exponent a as x increases because the limit of (b e aln x )/(c þ b e alnx ) as x approaches positive infinity is 1. However, the larger the modulus of intercept c, the larger x must be before m becomes asymptotic with a ( Fig. 7B) . Thus, the exponent of the full allometric model indicates the value assumed by the ratio of the relative growth rates of y and x after increase of the variables has rendered the influence of a distinct onset of growth negligible; (3) if c , 0, the value of m approaches positive infinity as x decreases towards x o (Fig. 7B ). This is because substitution of ln x for ln x 0 ¼ [ln (2c/b)]/a makes the denominator of the function equal to zero. As x increases towards x 0 , m approaches negative infinity but this result is futile because, as previously discussed, trait y does not exist when x ¼ x 0 ; and (4) if c . 0, m ¼ 0 when x ¼ 0. This could be interpreted as evidence that the standard x arises previous to y during ontogeny. Figure 7 illustrates these properties for the relationships of lengths of the internal and parivincular ligaments against shell length of T. phaseolina. The estimated onset of growth of the internal ligament is relatively distant from the range of shell lengths represented in our sample (Fig. 7B ). For this reason, by the lower limit of the observed range of body sizes m has approached the value of the exponent a closely enough that the relationship between il and sl may be described equally well by a model assuming a constant slope, such as the twoparameter power function. In this case, the latter model may be selected for simplicity in spite of the probably wrong assumption of a zero intercept. For the parivincular ligament data set (Fig. 7A) , however, the model of choice must allow for a curvilinear relationship of log-transformed variables, a condition that is fulfilled by many distinct formulae (see Ruark, Martin & Bockheim, 1987; Feener, Lighton & Bartholomew, 1988; Bervian, Fontoura & Haimovici, 2006; Lagergren, Svensson & Stenson, 2007 , for a few examples). However, while all these models allow slope m to vary and may provide a good fit to the data, they generally introduce a number of noninterpretable parameters to the analysis. The full allometric equation, on the contrary, is a simple expression that may be successfully applied to instances in which a curvilinear relationship on logarithmic plots results from a nonzero intercept that is biologically justifiable. In the common case in which the allometry of a structure of late ontogenetic appearance is considered, a nonzero intercept will provide an estimate of the size attained by the body or other standard previously to the onset of growth of the structure of interest.
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